We transplanted adult whole bone marrow prelabeled with bromodeoxyuridine (BrdU) into the ischemic boundary zone of the adult rat brain at 1 day after 2 h of middle cerebral artery occlusion (MCAo). Approximately 3.3% of 10 6 transplanted bone marrow cells were BrdU reactive at 14 days after MCAo. BrdUreactive cells expressed neuronal and astrocytic proteins, neuronal nuclei protein (NeuN, 1%), and glial fibrillary acidic protein (GFAP, 5%) immunoreactivities, respectively. In addition, bone marrow transplantation promoted proliferation of ependymal and subependymal cells, identified by nestin (a neuroepithelial stem cell marker), within the ventricular zone and subventricular zone (VZ/SVZ). These data suggest that intracerebral transplantation of bone marrow could potentially be used to induce plasticity in ischemic brain.
INTRODUCTION
will, when transplanted to ectopic CNS sites, differentiate with a terminal phenotype appropriate for that ectopic site (15, 21) . Fetal hematopoietic stem cells (HSCs) Intracerebral grafting of donor cells from embryonic tissue in an active state of neurogenesis is a powerful transplanted into the adult organism or adult HSCs transplanted into an embryo result in a chimera that re-method for investigating the development, function, and plasticity of the central nervous system (CNS) (13, 14, 49) .
flects the endogenous cells within the microenvironment into which the cells were seeded (16). Neural transplantation using tissue from the fetal human CNS offers a possible therapeutic approach for treatment Bone marrow transplantation is a powerful strategy in the treatment of life-threatening diseases such as of Parkinson's disease (7, 35, 51) and Huntington's disease (42, 53) . The intracranial fetal graft has also been leukemia, aplastic anemia, and congenital immunodeficiency (24) . HSCs play a central role in bone marrow used to repair damaged brain and thereby to ameliorate behavioral deficits in animal models of focal and global transplantation therapy because these cells continuously self-renew and proliferate several-fold in a very short cerebral ischemia (18, 22) . However, transplantation of embryonic grafts is plagued with logistic and ethical time (26). They differentiate into different types of blood cells in the body. HSCs have cell cycle activity, considerations, and it is unlikely that human fetal tissue will soon be readily available in sufficient quantity to and mobilize and respond to cytokines and chemokines (47) . Muscle precursor cells have also been found in the serve as a practical and immediate source for therapeutic transplant.
bone marrow (12) . In addition to HSCs, bone marrow contains marrow stromal cells (MSCs, also referred to as Intracranial transplantation of exogenous stem cells, which integrate appropriately in vivo and express host mesenchymal stem cells) (44) . When samples of whole marrow are placed in culture, MSCs adhere to the plastic genes, would be a suitable graft (1). Stem cells have been isolated from various tissues in animals and hu-and provide a microenvironment that promotes both the growth and differentiation of the nonadherent HSCs mans, not only from the embryo, but also from adult bone marrow and even adult brain (14) . Importantly, re-(9,30). Neurochemicals and cytokines are secreted by MSCs into the soluble stroma, and these proteins sup-cent studies demonstrate that the fate of stem cells in vivo is influenced by contextual cues, and stem cells port hematopoietic progenitors (36, 37) . MSCs have been used as vehicles for both cell therapy and gene therapy retain the capacity to respond to local epigenetic signals (49) . Stem cells isolated from one region of the CNS (38, 41, 45) . MSC transplantation has been employed on 32 LI ET AL.
patients with severe osteogenesis imperfecta (23) . Cul-volume (soluble stroma and PBS) were transplanted into each rat. Approximately 80% of bone marrow cells were tured MSCs have also been infused into adult cancer patients, opening the door to MSC therapy for a number labeled by the BrdU before intracerebral transplantation. All suspensions were transplanted within 3 h of prepara-of diseases (29). MSCs become glia when transplanted into normal rat brain (2). Whole bone marrow cells from tion. Experiments were performed on adult male Wistar male mice systemically infused into irradiated female adult mice can become microglia, and studies demon-rats (n = 54) weighing 270-290 g. Transient MCAo was induced using a method of intraluminal vascular occlu-strate that a small proportion of bone marrow cells become astrocytes after focal cerebral ischemia in irradi-sion (54) . Briefly, rats (n = 50) were anesthetized with 3.5% halothane, and maintained with 1.0% halothane in ated rats with intravenous bone marrow cell transplantation (10) . Recent study has reported that adult bone mar-70% N 2 O and 30% O 2 using a face mask. The rectal temperature was controlled at 37°C with a feedback reg-row stroma cells differentiate into neural cells in vitro (46) . ulated water heating system. The right femoral artery and vein were cannulated for measuring blood pH, pO 2 , The mature brain has the potential for self-repair (14) . Pluripotent stem cells are harbored in the adult and pCO 2 before ischemia and for monitoring blood pressure during the surgery, respectively. A length of CNS and the adult brain can form new neurons (14, 19, 28) . Dendrites, axons, and synapses can modify 18.5-19.0 mm 4-0 surgical nylon suture with its tip rounded by heating near a flame was advanced from the their structure, and these changes are related to functional plasticity (3). Two hours of middle cerebral artery external carotid artery into the lumen of the internal carotid artery until it blocked the origin of the MCA. Two occlusion (MCAo) induces infarction in the ischemic core of the striatum and the cortex in adult rats (33) .
hours after MCAo, rats were reanesthetized with halothane, and reperfusion was performed by withdrawal of However, in the ischemic boundary zone, in the transition zone from normal to mild and severe ischemic in-the suture until the tip cleared the internal carotid artery. Intracerebral transplantation of bone marrow was car-jury, expression of cell proliferation, developmental and plasticity protein markers, suggest that mature CNS pa-ried out according to the methods described by Goto et al (18) . Briefly, at 24 h after MCAo, rats (n = 16) were renchymal cells revert to less mature phenotypes (32, 34) .
In the present study, we tested the hypothesis that anesthetized with 3.5% halothane, and then maintained with 1.0% halothane in 70% N 2 O and 30% O 2 using a intracranial transplantation of adult whole bone marrow face mask. The animals were mounted on a stereotaxic into the ischemic boundary zone after stroke in adult rats apparatus (Model 51603, Stoelting Co., Wood Dale, IL). results in bone marrow cell survival and differentiation A 25-gauge Hamilton syringe containing bone marrow into brain parenchymal phenotypes. cells (1 × 10 6 ) in a 10 µl volume was inserted vertically through a burr hole (1 mm) in the skull into the right MATERIALS AND METHODS striatum at the coordinates (40) 2.0 mm lateral to the All experimental procedures have been approved by midline (LM), 4.5 mm in the vertical depth (VD), and the Care of Experimental Animals Committee of Henry anterior-posterior (AP) at the zero point to bregma, and Ford Hospital.
into the right cortex at LM 2.0 mm, VD 2 mm, and AP Bromodeoxyuridine (BrdU), a thymidine analog (20) , 0 mm ( Fig. 1 ). This position approximates the ischemic was employed as a tracer for newly formed DNA of boundary zone. Seven microliters of bone marrow was bone marrow cells. Adult male Wistar rats (8-12 weeks initially injected into the striatum and 3 µl into the corold, weighing 270-290 g) received daily injections of tex over a 10-min period in each spot. The needle was BrdU (50 mg/kg, Sigma) intraperitoneally 14 days prior retained in the cortex for an additional 5-min interval to to harvest. Primary bone marrow cells were obtained 48 avoid bone marrow reflux from the injected areas to the h after treating rats with 5-fluorouracil (5-FU, 150 mg/ brain surface. After injection, bone wax (W810; Ethkg) (11) , which kills actively dividing cells and triggers icon) was placed on the skull to prevent leakage of the the bone marrow cells to divide. The fresh bone marrow solution. Rats were sacrificed at 4 days (n = 4), 7 days was harvested aseptically from tibias and femurs of (n = 7), and 14 days (n = 5) after MCAo. the BrdU-treated rats, using a syringe (1 ml) contain-Control rats (n = 38) were divided into four groups: ing phosphate-buffered saline (PBS) (0.5 ml). Bone marrow was then mechanically dissociated until a milky ho-1. Rats (n = 27) were subjected to MCAo without donor cell transplantation and sacrificed at 4, 7, and 14 days mogenous single-cell suspension was achieved. Nucleated marrow cells were counted using a cytometer to (n = 9 per time point). 2. Rats (n = 4) were subjected to MCAo with injection ensure adequate cell numbers for transplantation. Approximately 1 × 10 6 naive bone marrow cells in a 10 µl of PBS (10 µl) and sacrificed at 7 days after MCAo.
A standard paraffin-imbedded block (within both the center of the lesion of MCAo and bone marrow transplantation), corresponding to coronal coordinates bregma −1.0ϳ1.0 mm (40), was obtained from which a series of adjacent 6-µm-thick sections was analyzed using light and fluorescent microscopy (Olympus, BH-2). After deparaffinizing, brain sections were placed in a boiled citrate buffer (pH 6) within a microwave oven (650-720 W). After blocking in normal serum, sections were treated with the monoclonal antibodies (mAb) against BrdU (the bone marrow cell tracer, Calbiochem) diluted at 1:100 in PBS or mAb nestin Rat-401 (the neuroepithelial stem cell marker, PharMingen) diluted at 1:50 in PBS. Following sequential incubation with peroxidase conjugated rabbit anti-mouse IgG (dilution 1:100; Dakopatts, CA), the secondary antibody, was bound to the first antibody. Diaminobenzidine (DAB) was then used ers of neuronal nuclei protein (NeuN, for neurons, Chemicon) and glial fibrillary acidic protein (GFAP, for astrocytes, Dako) were applied on the same sections. 3. Rats (n = 3) were subjected to MCAo with injection Fluorescein isothiocyanate (FITC)-conjugated secondary of lysed bone marrow cells, prelabeled with BrdU, antibody (dilution 1:20, Calbiochem) was then added for and were frozen and thawed five times before injecdouble-label immunoreactivity identification. Negative tion. These rats were sacrificed at 7 days after control sections from each animal received identical MCAo.
preparations for immunohistochemical staining, except 4. Bone marrow cells (1 × 10 6 /10 µl) were transplanted primary antibodies were omitted. Cells derived from into the striatum and cortex of normal rats (n = 4) bone marrow cells and neural stem-like cells were idenwithout MCAo and sacrificed at 7 days after operatified using morphological criteria (5,27,43) by immunotion.
histochemical staining with antibodies against BrdU and Immunosuppressants were not used in any animal.
nestin. BrdU (the tracer) immunoreactivity was present The rat brains were fixed by transcardial perfusion in the intact nuclei of the donor cells. We measured the with saline, followed by perfusion and immersion in 4% total number of BrdU-reactive cells derived from bone paraformadehyde. Brain blocks were then embedded in marrow based on the evaluation of an average of 10 paraffin. The brain was sectioned into 7 equally spaced histology slides (50-µm interval) per experimental ani-(2 mm) coronal blocks using a rodent brain matrix. A mal. Because nestin immunoreactivity was strongly exseries of adjacent 6-µm-thick sections was cut from each pressed in numerous cells in each rat brain after MCAo block and stained with hematoxylin and eosin (H&E).
with bone marrow transplantation, we counted the num-The sections were traced using the Global Lab Image bers of nestin-reactive cells from an average of 10 nonanalysis system (Data Translation, Malboro, MA). The overlapping microscopic fields within the ventricular indirect lesion area, in which the intact area of the ipsizone/subventricular zone (VZ/SVZ) per experimental lateral hemisphere was subtracted from the area of the animal. Only the cells clearly labeled nuclei by BrdU contralateral hemisphere, was calculated (52). The leimmunoreactivity or cell bodies labeled by nestin immusion volume is presented as a volume percentage of the noreactivity were counted (132× magnification). A total of 500 BrdU-reactive cells or nestin-reactive cells per lesion compared with the contralateral hemisphere.
animal was counted to obtain the percentage of BrdU-sphere, including in all six layers of the cortices, in rostral-caudal axis of the striatum, and along the white reactive cells or nestin-reactive cells colocalized with cell type-specific markers (NeuN, GFAP) by double staining.
matter of the corpus callosum ( Fig. 2f) , almost 2.0 mm from the injected areas, suggesting migration of BrdU-The lesion volume and the number of cells derived from bone marrow of rats were subjected to paired t-reactive cells. The numbers of BrdU-reactive cells measured from an average of 10 histology slides per bone tests to evaluate differences between control and each of the treated groups. Data are presented as mean values ± marrow transplantation animal were approximately 83,700 ± 12,500 (ϳ8.4% of 10 6 transplanted cells, n = SEM. A probability value of p < 0.05 was considered significant. 4) at 4 days, 56,600 ± 18,200 (ϳ5.7%, n = 7) at 7 days, and 32,800 ± 8,700 (ϳ3.3 %, n = 5) at 14 days after RESULTS MCAo, respectively. Double staining ( Fig. 2g-j ) demonstrated that from a total of 500 BrdU-reactive cells The blood gasses were within normal ranges for all animals and did not differ among groups (data not per animal that were counted to obtain the percentage of BrdU-reactive cells colocalized with cell type-specific shown). Within 6-µm-thick coronal sections stained with H&E, dark and red neurons were observed in the markers, approximately 1% and 5% of BrdU-reactive bone marrow cells expressed NeuN and GFAP proteins, ischemic core of all rats subjected to MCAo with and without bone marrow transplantation at 4 days of reper-characteristic of neurons and astrocytes, respectively. However, the numbers of BrdU-reactive cells were fusion. With increasing length of survival, almost total neuronal destruction was present in the ischemic core of approximately 8,200 ± 2,100 (0.8% of 10 6 transplanted cells) within the normal (without MCAo) striatum and all ischemic experimental rats. However, the ischemic boundary zone of all rats subjected to MCAo with and cortex of rats (n = 4) at 7 days, which was approximately 1/7 of BrdU-reactive cells detected in the MCAo without bone marrow transplantation contained necrotic, damaged, and relatively intact cells after ischemia. No brain at 7 days. BrdU-reactive cells were primarily localized along the needle track; however, some BrdU-significant change of the lesion volume was observed, with the hemisphere percent of the ischemic lesion vol-reactive cells migrated approximately 1.0 mm along the corpus callosum. Double staining showed that about 3% ume being 36.6 ± 3.4% in rats subjected to MCAo alone, 36.9 ± 5.3% in rats subjected to MCAo with injection of of BrdU-immunoreactive cells colocalized with GFAP, but not with NeuN, in the normal brain. No BrdU-reac-PBS, 35.4 ± 6.2% in rats subjected to MCAo with injection of lysed bone marrow cells, and 26.6 ± 3.8% in rats tive cells were observed in the contralateral hemisphere in all experimental rats at 14 days (the end point) after treated with bone marrow transplantation at 7 days after the onset of ischemia. A nearly complete loss of NeuN
MCAo. There was no obvious evidence of increased inflammatory response in the ipsilateral hemisphere after and GFAP immunoreactivity in parenchymal cells in the ischemic core was observed from day 4 onward after bone marrow transplantation compared with MCAo alone. In rats subjected to MCAo with bone marrow cell MCAo. In the ischemic boundary zone, a pronounced increased intensity of both NeuN and GFAP immunore-or in rats with lysed bone marrow cell transplantation, BrdU was taken up by some cells, primarily macro-activities was present from 4 to 14 days in all rats subjected to MCAo, compared with slight immunoreactivi-phages, of the host brain adjacent to the transplanted areas. However, according to the morphological criteria, ties distributed within normal tissues. These data are consistent with the findings from our previous studies the small size and dark brown of BrdU-reactive cells differed from the large, amoeboid and light brown mac- (32) (33) (34) .
Bone marrow cells survived and proliferated in the rophages, in which brown dots are localized in the cytoplasm instead of in the nuclei. ischemic boundary zone in all rats subjected to MCAo.
Figure 2a-b shows bone marrow cells as round small to
By H&E staining, under normal conditions, the ependyma of the VZ was a simple cuboidal epithelium medium sized with dark purple staining chromatin by H&E staining at 4 days after MCAo. The exogenous composed of ependymal cells with rounded nuclei and light-staining chromatin that lined the entire ventricular round bone marrow cells (left side) differed in shape from pleomorphic cells (right side) derived from the en-system. These ependymal cells rest on a layer of processes derived from glia in the SVZ. After MCAo with dogenous brain cells in the VZ/SVZ. Figure 2c -f shows bone marrow cells, identified by BrdU immunoreactiv-or without bone marrow transplantation, cell proliferation was observed in the ipsilateral VZ/SVZ. Multiple ity, mostly localized within the grafted striatum ( Fig. 2c ) and the cortex (Fig. 2d ) at 14 days after MCAo (the end layers of cells with round and light purple mononuclei were present in the VZ (Fig. 2a ) by H&E staining. A point). Mitotic BrdU-reactive cells were found in the grafted areas (Fig. 2e) . The BrdU-reactive cells were series of cell nodules with dark purple and pleomorphic nuclei was present in the SVZ (Fig. 2a) . Cells derived also observed in multiple areas of the ipsilateral hemi- from neural stem-like cells were identified using immu-planted a fetal basal forebrain cell preparation into either the intact or fimbria-fornix-denervated hippocampus of noreactivity to nestin, the neuroepithelial stem cell protein (31). In nonischemic regions (Fig. 3a) , light nestin rats. Fetal cells grafted into the denervated hippocampus survived better than those placed into the intact hippo-immunoreactivity was exhibited in endothelial cells and in ependymal cells (58 ± 8 nestin-reactive cells per field campus. We selected the ischemic boundary zone as the target site for transplantation, because neuronal struc-at 132× magnification), but not in neurons and glia. Nestin-reactive cells significantly (133 ± 55, p < 0.01) in-tural proteins [e.g., a 43-kDa growth-associated protein (GAP-43), and cyclin D1 cell cycle protein] are found creased from one layer in the VZ to several layers in both VZ and SVZ at 7 days after MCAo alone (Fig. in this area (34) . Expression of these proteins suggests spontaneous compensatory and repair mechanisms are 3b), compared with nonischemic regions. Bone marrow transplantation significantly enhanced nestin-reactive present in ischemia-damaged neurons. GAP-43 is a nervous tissue-specific protein and is synthesized at high cell proliferation (280 ± 46, p < 0.05) to multiple layers in the VZ/SVZ at 7 days after MCAo (Fig. 3c ), com-levels during axonal outgrowth in neuronal development and regeneration in the mature neurons (25, 48, 50) . In pared with MCAo alone. Bone marrow transplantation enhanced neural stem-like cell proliferation (approxi-normal situations, cyclin D1 is upregulated early in G 1 and subsequently peaks by mid-G 1 , and usually de-mately two times more than MCAo alone) in the VZ/ SVZ. Double immunohistochemical staining showed creases as cells approach S phase (4). Cyclin D1 may be necessary for nuclear relocation of the proliferating that ϳ10% and 1% of nestin-reactive cells (Fig. 3d , f) expressed GFAP (Fig. 3e) and NeuN (Fig. 3g ) immuno-cell nuclear antigen protein and for DNA repair, as well as for initiation of DNA replication (39). Cyclin D1 is reactivity, respectively, after MCAo with or without bone marrow transplantation. Injection of PBS into the selectively expressed in morphologically intact or altered neurons localized in the boundary zone to the is-ischemic striatum and cortex did not obviously change the number of nestin-reactive cells (172 ± 41) in the VZ/ chemic core (34) . Whether these molecular events are involved in the cellular survival and differentiation of SVZ at 7 days after MCAo, compared with MCAo alone. Bone marrow cells transplanted into the normal bone marrow cells in the brain is unclear. We speculate that the ischemic boundary zone is also a specific micro-striatum and cortex of rats without MCAo also did not obviously change the numbers of nestin-reactive cells environment that facilitates proliferation and differentiation of bone marrow cells after grafting. (61 ± 7 per field at 132× magnification) at 7 days, compared with nontreated regions.
Eglitis et al. (10, 11) revealed that 67 of 2430 nuclei (2.8%) counted in the ischemic hemisphere were Y DISCUSSION chromosome positive compared with 51 of 2777 cells (1.8%) in the intact hemisphere after permanent MCAo Our data demonstrate that adult bone marrow cells survive, migrate, and differentiate into phenotypes of pa-in preirradiated rats with male-to-female bone marrow intravenous transplantation. Their data demonstrate renchymal-like cells in the adult rat brains and that bone marrow promotes proliferation of neural stem-like cells more than 55% of marrow-derived cells, in general, and 161% of GFAP-positive astrocytes, in particular, mi-from the VZ/SVZ after ischemia.
Over the past century, intracerebral grafting has been grate preferentially to the ischemic cortex than to the contralateral nonischemic hemisphere. Compared with employed to explore the function and plasticity of the CNS (13) . Stem cells that are well nourished and im-systemically intravenous bone marrow transplantation, in our present study with intracerebral focal bone mar-planted in an appropriate target site may survive and grow within the host brain. This finding has been docu-row transplantation, we do not find BrdU-reactive cells within the contralateral hemisphere after MCAo. BrdU-mented for several different types of neural grafts placed into various regions of the CNS (13, 14) . In our study, reactive cells do not migrate from injected ischemic areas into the nonischemic contralateral hemisphere. Azizi we were primarily interested in the fate of naive bone marrow cells transplanted into the brain. We trans-et al.
(2) demonstrate approximately 30% of MSCs from Sprague-Dawley rats survive at 14 days after intracere-planted intracerebrally BrdU-labeled fresh whole bone marrow. BrdU-reactive cells survived in the ischemic bral MSC transplantation into the normal adult rat brain, a number much higher than found in our present study. brain (3-8% of whole bone marrow cells) at 4-14 days after MCAo. The numbers of bone marrow cells that This inconsistency possibly may be attributed to our use of a different rat strain, Wistar rats versus their Sprague-survived in the ischemic boundary zone (ϳ5.7% of whole bone marrow cells) were approxiamtely seven Dawley rats. In addition, we transplanted naive whole bone marrow prelabeled with daily injections of BrdU times more than in the normal brain (0.8% of whole bone marrow cells) at 7 days. This finding is similar to 14 days prior to harvest, which includes a mixed population of HSCs, MSCs, and more mature cells, versus their data obtained by Gage and Björklund (15), who trans- MSCs cultured with 1 µg/ml bis-benzamide for 24 h thelial cells; therefore, our basic observation is that there is an increase in nestin reactivity in bone marrow trans-prior to transplantation. The present study was limited to measurements performed 14 days after stroke. We do planted brain that reflects a differential and possibly stem cell proliferative response to bone marrow trans-not know whether these cells survive, differentiate, and integrate into brain tissue after a longer posttransplanta-plantation. MSCs in culture secrete cytokines, which include IL-1, IL-6, colony-stimulating factor-1, and stem tion period.
We have used the in situ DNA fragmentation detec-cell factor (9). They also provide matrix-bound cytokines and cell-cell contact proteins (30, 44) . Although tion, terminal deoxynucleotidyl transferase (TdT)-dediated dUPT-biotin nick end labeling (TUNEL staining) to the signals that trigger the quiescent CNS stem-like cells within the normal VZ/SVZ to enter the cell cycle have identify apoptotic cells (data not shown). Using TUNEL staining in peroxidase labeling with 3,3′-diaminobenzi-yet to be resolved, our findings suggest that the VZ/ SVZ in the adult forebrain is not a passive ischemia-dine (DAB), apoptotic cells were identified by the presence of 2-25 dark brown, round or oval bodies. This threatened zone, but is an active tissue providing cells, possibly to reconstruct the brain. morphologic characteristic of apoptotic cell is consistent with the findings from our previous studies (32, 33) . Dif-In summary, our data indicate that intracerebral whole bone marrow transplantation after stroke in the ferentiated blood precursor cells in the bone marrow underwent apoptosis after bone marrow transplantation.
adult rat activates the proliferation and differentiation of exogenous bone marrow stem-like cells and endogenous Our data indicate that most of the remaining cells (more mature precursor cells) died by apoptosis and some by neural stem-like cells to adopt neural or glia phenotype. Intracranial transplantation of bone marrow may provide necrosis. We cannot exclude the possibility that BrdU is released by dead cells and is incorporated into adjacent a new avenue to induce plasticity of ischemic brain and warrants investigation as a potential therapeutic strategy reactive glial cells (e.g., macrophages). However, it is unlikely that BrdU is picked up by the cells derived for treatment of stroke and other neurological diseases. from the endogenous precursor cells of the forebrain at ACKNOWLEDGMENTS: The authors wish to thank Cecylia a site remote from the implanted areas (e.g., the VZ/ Powers, Cynthia Roberts, and Xiuli Zhang for technical assistance, and Denice Bliesath for secretarial support. This work SVZ).
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